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Edited by Richard CogdellAbstract Cyanobacteria have previously been considered to dif-
fer fundamentally from plants and algae in their regulation of
light harvesting. We show here that in fact the ecologically
important marine prochlorophyte, Prochlorococcus, is capable
of forming rapidly reversible non-photochemical quenching of
chlorophyll a ﬂuorescence (NPQf or qE) as are freshwater cya-
nobacteria when they employ the iron stress induced chlorophyll-
based antenna, IsiA. For Prochlorococcus, the capacity for
NPQf is greater in high light-adapted strains, except during iron
starvation which allows for increased quenching in low light-
adapted strains. NPQf formation in freshwater cyanobacteria
is accompanied by deep Fo quenching which increases with pro-
longed iron starvation.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Unicellular cyanobacteria of the closely related genera Pro-
chlorococcus and Synechococcus are broadly distributed in oce-
anic waters [1] and contribute signiﬁcantly to global primary
production [2]. The in situ community structure of these organ-
isms is complex, with speciﬁc ecotypes occupying diﬀerent
niches [3–5]. Despite being closely related, the widespread distri-
bution of Prochlorococcus in the open oceans and throughout
the entire euphotic water column ensures that this genus is far
more abundant than Synechococcus, which are typically re-
stricted to surface waters. The success of Prochlorococcus is
due to the presence of genetically distinct high light (HL) and
low light (LL)-adapted ecotypes, which exhibit particular
depth-dependent distributions. Recently, a comparison of the
newly sequenced genomes of twoProchlorococcus strains, repre-
sentative of HL (MED4) and LL (MIT9313)-adapted lineages,
with that of a marine Synechococcus strain (Synechococcus sp.
WH8102) highlighted the occurrence of distinct light harvesting
systems as the key feature deﬁning the two genera and therefore
dictating niche distribution in the oceans [6].Abbreviations: NPQ, non-photochemical quenching; NPQf, rapidly
reversible non-photochemical quenching; HL, high light; LL, low light;
PSII, photosystem II; PSI, photosystem I; PAM, pulse amplitude
modulated
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doi:10.1016/j.febslet.2004.11.091The Pcb light-harvesting antenna binds divinyl chlorophylls
a and b [7] and distinguishes the photosynthetic apparatus of
Prochlorococcus from other cyanobacteria, which employ the
non-chlorophyll-based phycobilisome. It still remains unclear,
however, how the Pcb antenna of Prochlorococcus confers the
diﬀerences in photosynthetic physiology that account for the
niche partitioning observed in the oceans, particularly with re-
spect to the unique success of Prochlorococcus over a wide
range of depths.
The Pcb light harvesting antenna proteins form a super fam-
ily along with the cyanobacterial antenna protein, IsiA, and
the photosystem II (PSII) core protein CP43 [8]. Under diﬀer-
ent stress conditions, including iron depletion, some cyanobac-
teria, most notably the freshwater Synechococcus sp. PCC7942
and Synechocystis sp. PCC6803, rapidly synthesise the mem-
brane-integral chlorophyll-binding antenna, IsiA [9,10]. The
genome sequence of the marine cyanobacterial strain Synecho-
coccus sp. WH8102 does not, however, contain the isiA gene.
Recently, it was shown that during prolonged iron starvation
of Synechocystis sp. PCC6803, a signiﬁcant proportion of
accumulated IsiA polypeptides are present in excess of those
required for light harvesting [11]. It has been suggested that
the additional IsiA pigment–protein complexes serve to protect
PSII from excess excitation through the dissipation of light en-
ergy. A similar role for IsiA in photoprotection has also been
suggested for iron starved Synechococcus sp. PCC7942 [12,13].
The dissipation of excess excitation energy within the chloro-
phyll antenna of higher plants and algae is well documented
(reviewed in [14]). The dissipation of absorbed quanta as heat
in the antenna gives rise to a strong light-dependent quenching
of chlorophyll a ﬂuorescence, which cannot be ascribed to the
quenching caused by photochemistry. This quenching is there-
fore known as non-photochemical quenching (NPQ). Several
processes contribute to NPQ in higher plants, however, the
main process, known as NPQf or qE, requires a trans-thyla-
koid pH gradient and therefore reverses rapidly in the dark.
In contrast, cyanobacteria have so far been considered as
unable to form NPQf. Instead, cyanobacteria are believed to
regulate their light harvesting through the state transition,
which involves movement of the membrane peripheral phyco-
bilisome antenna complex between PSI and PSII in order to re-
address imbalances in photosynthetic electron transport [15].
Recently, however, the freshwater cyanobacterium Synecho-
cystis sp. PCC6803 has been shown to form NPQf when
expressing the chlorophyll-based antenna IsiA [16]. Here, we
show that the freshwater cyanobacterium Synechococcus sp.
PCC7942 also forms NPQf when expressing the IsiA antenna,
suggesting that this phenomenon may be widespread amongstblished by Elsevier B.V. All rights reserved.
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important marine prochlorophyte, Prochlorococcus, which
permanently possesses the chlorophyll-based Pcb antenna, is
also capable of forming NPQf. The implications for niche par-
titioning of Prochlorococcus are discussed.2. Materials and methods
2.1. Growth conditions
Prochlorococcus sp. strains PCC9511 and SS120 were grown in
PCR-S11 liquid media as described previously [17]. Synechococcus
sp. strain WH8102 was grown in ASW liquid media as described pre-
viously [18]. Cells were grown in continuous white light at 10 lmol
quanta m2 s1 at a constant growth temperature of 25 C. Synecho-
cystis sp. PCC6803 and Synechococcus sp. PCC7942 were grown in li-
quid BG11 medium as described elsewhere [19]. Cells were grown in
continuous white light at 30 lmol quanta m2 s1 at a constant growth
temperature of 30 C. Iron deplete cells for all strains were grown as
described above but in the absence of iron containing compounds.
Cells were iron starved for a total of 20 days. Following the initial
transfer into iron free media, cells were subsequently transferred to
fresh media every 4 days.
2.2. Chlorophyll a ﬂuorescence measurements
Chlorophyll a ﬂuorescence measurements were recorded using a
Hansatech FMS-1 ﬂuorometer (Hansatech Instruments Ltd., Norfolk,
UK). Cells were suspended at a chlorophyll concentration of approx-Time (mins)
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Fig. 1. Light induced changes in ﬂuorescence yield and relaxation in the dark
actinic light treatment at 300 lmol quanta m2 s1. (B) Synechococcus sp. W
Prochlorococcus sp. PCC9511 with actinic light treatment at 800 lmol quanta
Prochlorococcus sp. PCC9511 (closed circles represent iron replete cells, close
(open circles represent iron replete cells, open triangles represent iron deplete
for oﬀ.imately 2 lg ml1 and maintained at a temperature equivalent to the
respective growth temperature. All samples were dark adapted for 20
min prior to measurement. Saturating pulses were provided with white
light at 3000 lmol quanta m2 s1 for 1 s durations. Actinic irradiance
was provided with white light at the appropriate irradiance. NPQf was
determined from the relaxation kinetics of chlorophyll a ﬂuorescence
in the dark as described previously [20].3. Results
3.1. Chlorophyll a ﬂuorescence quenching in marine
cyanobacteria
Fig. 1A shows a typical chlorophyll a ﬂuorescence trace for
Synechococcus sp. strain WH 8102 measured using pulse
amplitude modulated (PAM) ﬂuorometry. Following exposure
to moderate irradiance (300 lmol quanta m2 s1) the ﬂuores-
cence yield increases rapidly. This increase reﬂects the well-
documented state transition in which the phycobilisome mi-
grates from PSI (state II) in the dark to PSII (state I) in the
light [21]. At a saturating irradiance of 1500 lmol quanta
m2 s1 (Fig. 1B), a light-dependent decrease in ﬂuorescence
yield is observed. This ﬂuorescence quenching is not, however,
accompanied by rapid reversal of variable ﬂuorescence in the
dark and most likely represents the accumulation of photoin-
hibited PSII reaction centres.Time (mins) 
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for cells of marine cyanobacteria. (A) Synechococcus sp. WH8102 with
H8102 with actinic light treatment at 1500 lmol quanta m2 s1. (C)
m2 s1. (D) The relationship between actinic irradiance and NPQf for
d triangles represent iron deplete cells) and Prochlorococcus sp. SS120
cells). Continuous actinic irradiance is marked with ›for on and with ﬂ
S. Bailey et al. / FEBS Letters 579 (2005) 275–280 277Fig. 1C shows a typical chlorophyll a ﬂuorescence trace for
the HL-adapted strain Prochlorococcus sp. PCC9511 (actinic
light treatment was 800 lmol quanta m2 s1). A decrease in
steady-state ﬂuorescence was observed, accompanied by a light
induced decrease in the maximum ﬂuorescence yield (Fm), giv-
ing rise to Fm 0. This quenching of variable ﬂuorescence cannot
be attributed to photochemistry. Removal of the actinic light
resulted in the relaxation of Fm 0 values toward the initial
dark-adapted maximum value, Fm. Dark relaxation kinetics
for Fm 0 were clearly biphasic with a rapidly reversible phase,
relaxing within 15 min regardless of actinic light intensity
(NPQf), followed by a slower phase which relaxed over several
hours depending on actinic light intensity (data not shown).
NPQf was a feature of photosynthetic physiology for both
HL and LL adapted strains of Prochlorococcus. Fig. 1D shows
the relationship between NPQf and actinic light intensity for
the HL- and LL-adapted strains Prochlorococcus sp.
PCC9511 (closed circles) and Prochlorococcus sp. SS120 (open
circles), respectively. Despite sharing the same growth light
intensity, PCC9511 exhibited a higher capacity for NPQf than
SS120, saturating at approximately 0.55, with NPQf for SS120
saturating at 0.1. In addition, the actinic light intensity re-
quired to saturate NPQf was higher for PCC9511.
The LL-adapted strain Prochlorococcus sp SS120 has previ-
ously been shown to possess an iron starvation inducible copy
of the pcb gene [22]. However, the HL-adapted strain,
PCC9511, which is an axenic equivalent of the HL strain
MED4, lacks a pcb gene that is inducible by iron starvation.
Synechococcus sp. strain WH8102, also lacks any iron starva-
tion inducible equivalent of the freshwater chlorophyll antenna
gene isiA. Values for NPQf were recorded for the representa-
tive HL- and LL-adapted strains of Prochlorococcus following
growth in iron free media. As shown in Fig. 1D iron starvation
had no eﬀect on the capacity for NPQf in the HL-adapted
strain PCC9511 (closed triangles). The LL-adapted strain
SS120, however, showed a marked increase in NPQf capacity
during iron starvation, saturating at 0.43 (open triangles). Iron
starvation had no eﬀect upon the regulation of light harvesting
for Synechococcus sp. WH8102 (data not shown).
3.2. Chlorophyll a ﬂuorescence quenching in freshwater
cyanobacteria
Figs. 2A and B show typical chlorophyll a PAM ﬂuorescence
traces for two freshwater cyanobacteria, grown under iron re-
plete conditions, Synechocystis sp. PCC6803 and Synechococ-
cus sp. PCC7942, respectively. As with the marine
cyanobacterial strain Synechococcus sp. WH8102 (Fig. 1A)
both ﬂuorescence proﬁles show the state transition associated,
light induced rise in chlorophyll ﬂuorescence (actinic irradi-
ance for the traces shown was moderately high at 1000 lmol
quanta m2 s1). Figs. 2C and D show ﬂuorescence traces
for Synechocystis sp. PCC6803 and Synechococcus sp.
PCC7942, following 4 days growth in iron deplete conditions.
There was no light induced state transition at an actinic irradi-
ance of 1000 lmol quanta m2 s1. Instead, the development
of a substantial NPQ, which is fully and rapidly reversible in
the dark (NPQf), was observed. For Synechococcus sp.
PCC7942, the NPQf involves only changes in variable ﬂuores-
cence following 4 days of iron starvation (Fig. 2D). NPQf in
Synechocystis sp. PCC6803, on the other hand, is accompanied
by quenching of Fo ﬂuorescence following actinic light treat-
ment. As with the variable ﬂuorescence the Fo quenching re-verses rapidly in the dark. Figs. 2E and F show chlorophyll
ﬂuorescence traces for Synechocystis sp. PCC6803 and Syn-
echococcus sp. PCC7942 following 20 days growth in iron free
conditions. Following prolonged iron starvation, cells of both
freshwater species exhibit much larger NPQf than following 4
days iron depletion. In addition, the prolonged iron starvation
yields a strong quenching of Fo ﬂuorescence in both strains.
The strong light-dependant quenching of both variable and
Fo ﬂuorescence reverses in the dark, restoring both Fv and
Fo to pre-light treated values within approximately 1 h of dark
treatment. Exposure to iron deplete conditions beyond 20
days, for both freshwater strains, yielded no further quenching
than observed in Figs. 2E and F. Growth of freshwater cyano-
bacteria under iron replete conditions resulted in the well char-
acterised blue shift in the chlorophyll absorption maxima for
whole cells, indicative of IsiA antenna expression (data not
shown). In addition, a marked decrease in the whole cell
absorption maxima at 625 nm was observed indicating a
reduction in phycobilisome content under iron deplete
conditions.4. Discussion
The widespread occurrence of chlorophyll-based antenna in
cyanobacteria raises important questions relating to the regu-
lation of light harvesting. We show here that cyanobacteria
utilizing chlorophyll antenna either exclusively, as with Pro-
chlorococcus, or along with the phycobilisome, as with iron
starved freshwater cyanobacteria, are capable of developing
NPQf. For Prochlorococcus the NPQf is similar to that of
higher plants, involving a decrease in only variable ﬂuores-
cence with no quenching of the minimal ﬂuorescence level
Fo. Values for NPQf are, however, lower for Prochlorococcus
than those typically found in higher plants. For example, LL
grown Arabidopsis thaliana have NPQf values of 1.7 [23] com-
pared to 0.55 for HL strains of Prochlorococcus and just 0.1 for
LL strains. These lower values for Prochlorococcus NPQf
probably reﬂect the nature of the light environment typically
seen for marine phototrophs compared to terrestrial plants.
The leaves of higher plants are exposed to sunﬂecks which
may result in very large changes in irradiance over short time-
scales [24]. Prochlorococcus on the other hand has a much
more stable light environment. This is particularly true for
LL-adapted strains which occupy the lower layers of stratiﬁed
water columns (50–150 m depth), where the irradiance ranges
from 1 to 30 lmol quanta m2 s1 [4] and there is no mixing
and therefore no signiﬁcant ﬂuctuation in light intensity. In
contrast, HLI strains of Prochlorococcus, of which PCC9511
is a representative, have been shown to be restricted to the
upper 30–40 m of the water column where irradiance is in
the range 30–2000 lmol quanta m2 s1. In addition, these
upper layers of the water column correspond to a region of tur-
bulent mixing ensuring that the light intensity ﬂuctuates with
respect to phytoplankton populations. The timescale for mix-
ing is slow relative to the sunﬂecks experienced by higher
plants, ensuring that the changes in irradiance experienced
by Prochlorococcus are smaller and over longer timescales.
The exposure to constantly ﬂuctuating irradiance within the
upper layers of the water column may also explain why in this
study the HLI representative strain of Prochlorococcus has a
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Fig. 2. Light induced changes in ﬂuorescence yield and relaxation in the dark for cells of freshwater cyanobacteria. (A) Synechocystis sp. PCC6803
during iron replete growth. (B) Synechococcus sp. PCC7942 during iron replete growth. (C) Synechocystis sp. PCC6803 following 4 days iron deplete
growth. (D) Synechococcus sp. PCC7942 following 4 days iron deplete growth. (E) Synechocystis sp. PCC 6803 following 20 days iron deplete growth.
(F) Synechococcus sp. PCC7942 following 20 days iron deplete growth. All cells were exposed to actinic light at 1000 lmol quanta m2 s1.
Continuous actinic irradiance is marked with › for on and with ﬂ for oﬀ.
278 S. Bailey et al. / FEBS Letters 579 (2005) 275–280higher capacity for NPQf than the LL-adapted strain (Fig.
1D). This is consistent with a recent report demonstrating that
the selective advantage conferred by NPQf in higher plants is
only seen in rapidly ﬂuctuating light environments [25]. The
capacity for NPQf in Prochlorococcus may therefore explain
how the possession of a chlorophyll-based Pcb antenna confers
the diﬀerences in photosynthetic physiology that account for
the niche partitioning observed in the oceans, both between
Prochlorococcus and Synechococcus as well as within Prochlo-
rococcus lineages. The possession of the Pcb light-harvestingantenna has been suggested to have clear adaptive advantages
for growth at depth [26], where only blue wavelengths of light
penetrate. The Pcb antenna provides large absorption cross
sections to both PSI and PSII, for predominantly blue photons
in LL-adapted strains such as SS120. Coupled to a small cell
size, the Pcb containing Prochlorococcus has a geometrical
absorption cross-section that is twice that of the larger, phyco-
bilisome containing Synechococcus. This might therefore
immediately exclude the possibility for successful growth at
depth for marine Synechococcus. The phycobilisome antenna
S. Bailey et al. / FEBS Letters 579 (2005) 275–280 279of Synechococcus does, however, allow for large state transi-
tions, which serve to re-address imbalances in electron trans-
port. This light-harvesting strategy has clear advantages for
growth in the changing light environments of the surface
mixed layers of the ocean. However, the capacity to regulate
light harvesting through NPQf also allows for eﬀective growth
of HLI strains of Prochlorococcus in the changing light envi-
ronments of the surface mixed layers, allowing these strains
to successfully co-occur with Synechococcus. The Pcb light-
harvesting antenna therefore facilitates growth throughout
the water column.
Following 4 days of iron depletion to induce IsiA, NPQf in
freshwater cyanobacteria also appears similar to that of higher
plants (Figs. 2C and D), with strong quenching of variable ﬂuo-
rescence. However, even after this short period of iron starva-
tion, Synechocystis sp. PCC6803 also shows Fo quenching.
This Fo quenching becomes particularly pronounced for both
Synechocystis sp. PCC6803 and Synechococcus sp. PCC7942
following prolonged iron starvation. Fo quenching is under-
stood not to be reaction centre associated and the high capacity
for Fo quenching observed in this study, following prolonged
iron starvation, probably reﬂects the accumulation of reaction
centre free IsiA antenna complexes. The data presented here
provide evidence in support of the notion that the IsiA com-
plexes accumulate in excess of those required for light harvest-
ing in order to protect PSII from over excitation, as PSI reaction
centres become depleted during iron starvation [11]. However,
Fo ﬂuorescence quenching associated with the phycobilisome
cannot be ruled out, since a 594 nmmodulated measuring beam
was used to excite Fo ﬂuorescence. Furthermore, carotenoid in-
duced quenching of phycobilisome ﬂuorescence has recently
been demonstrated for Synechocystis sp. PCC6803 [27].
While the presence of a chlorophyll-binding light-harvesting
antenna facilitates the formation of NPQ in cyanobacteria, as
in higher plants, interesting questions arise regarding the
mechanism of NPQ processes in oxygenic phototrophs. We
can ﬁnd no evidence for a pH-dependent regulation of NPQf
in Prochlorococcus and Synechocystis using uncouplers that
typically block the formation of NPQf in higher plants (data
not shown). In addition, both Synechocystis and Prochlorococ-
cus lack PsbS, a protein essential for the formation of NPQf in
higher plants [28]. Furthermore, there is no known cyanobac-
terial homologue of violaxanthin de-epoxidase and therefore
presumably no cycling of xanthophyll carotenoids, a process
known to regulate NPQf in higher plants [14]. Clearly, the reg-
ulation of NPQf in cyanobacteria diﬀers from that of higher
plants. This may account for the diﬀerent magnitude and
kinetics of NPQf formation observed in this study when com-
pared to plants and algae. Further investigation into the phe-
nomenon of NPQf in cyanobacteria should provide useful
insights into the mechanism and evolution of this important
photoprotective process.
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